A disposable electrochemical sensor for determination of hydrogen peroxide (H 2 O 2 ) was developed based on graphene/zinc oxide (ZnO) nanocomposite-modified screen printed carbon electrode (SPCE). The method adopted is facile, cost effective and avoids the conventional usage of harsh oxidants and acids. Graphite was exfoliated into graphene sheets via liquid phase exfoliation with the aid of ultrasonication, without going through the intermediate graphene oxide phases that can disrupt the pristine structure of the yield. The as-prepared graphene/ZnO nanocomposite was comprehensively characterized to investigate its morphology, crystallinity, composition, thickness and purity. The results clearly indicate that graphite was successfully exfoliated into graphene sheets and ZnO nanoparticles were well dispersed on the surface of graphene sheets. The electrochemical performance of the graphene/ZnO nanocomposite-modified SPCE was evaluated via cyclic voltammetry (CV) and amperometric technique. The resulting electrode displays excellent electrocatalytic activity towards the reduction of H 2 O 2 in a linear range of 1 to 15 mM with a correlation coefficient of 0.9859. The facile and green approach used for the preparation of graphene/ZnO nanocomposite may open up new horizons in the production of cost-effective biosensors.
INTRODUCTION
Graphene, a two dimensional (2D) material consisting of a single atomic layer of carbon arranged in a honeycomb lattice, has intrigued enormous scientific activities due to its extraordinary properties. Ever since Geim and Novoselov successfully isolated graphene from graphite in year 2004, 1 this 2D carbon crystal has been highly anticipated to provide unique and ground breaking endeavour for various applications. It is the thinnest and strongest material ever known, possessing outstanding optical, mechanical properties together with superior electrical and thermal * Author to whom correspondence should be addressed. conductivities due to its sp 2 -hybridised carbon and electronic configuration. 2 In recent years, zinc oxide (ZnO), a II-VI compound semiconductor with a wide bandgap of 3.37 eV and large exciton binding energy of 60 meV has received considerable attentions in the scientific community due to its unique properties. It is popular among the field of biosensing as ZnO has been demonstrated to be biocompatible, biodegradable, biosafe and suitable to be adopted for various environmental and medical applications as it can be dissolved into mineral ions within few hours. 3 Owing to its exceptional properties, ZnO has attracted intensive research effort and diverse applications for electronics, photonics, acoustics and sensor development.
Hybridisation of different materials enables the generation of composites with versatile and tailored-made properties, demonstrating desirable combinations that outperform the individual components. 9 Taking into account the remarkable properties of graphene and ZnO, the generation of graphene/ZnO nanocomposite is hence anticipated to provide enhanced performances, like improved photocatalytic performance, 10 peculiar thermal stability 11 and outstanding electrochemical properties. 12 In fact, many researchers have attempted to synthesize and hybridize graphene with ZnO, hoping to generate composites with special features for sensing purpose. For instance, Kavitha and coworkers 13 demonstrated in situ generation of ZnO nanoparticles from zinc benzoate dihydrazinate complex onto graphene at 200 C for the fabrication of electrochemical glucose biosensor. On the other hand, Palanisamy et al.
14 prepared the composite from electrochemically reduced graphene oxide and ZnO via electrodeposition for the purpose of fabricating enzyme-based biosensors. Similar attempt was performed by Xie and colleagues 15 by dropping chemically reduced graphene oxide and hydrothermally grown ZnO onto a glassy carbon electrode (GCE). The GCE was then dipped into gold nanoparticles solution and finally the enzyme, haemoglobin (Hb) was dropped onto the GCE surface for the fabrication of hydrogen peroxide biosensor.
Hitherto, most of the attempts in the synthesis of graphene/ZnO nanocomposite involved in situ growth of ZnO and reduction of graphene oxide. However, in most cases, the precursor graphite or graphene oxide was not completely reduced via chemical reaction, culminating in the presence of oxygenated functional group on the graphene surface. Moreover, chemically reduced graphene oxide faces the problem of contamination from excessive reducing agents, thereby affecting the purity of the composites. 16 Furthermore, the common method in preparing graphene is hazardous, as it involves the usage of harsh chemicals such as fuming nitric acid and potassium permanganate or highly toxic reducing agents like hydrazine, dimethylhydrazine, hydroquinone and NaBH 4 . 17 In addition, the synthesis techniques mentioned are multi-step and time consuming.
Herein, a facile and green method was developed for the preparation of graphene/ZnO nanocomposite, in which the highly conductive graphene sheets serve as a superior platform for the deposition of flower-like ZnO nanoparticles. High quality graphene/ZnO nanocomposite is synthesized via an environmental friendly method, in which the crystalline structure of the yield is intact with the absence of undesirable functional groups, no additional reduction step is needed and no harsh chemicals are required. From an economical perspective, the starting materials and equipments needed are inexpensive while the synthesis method can be conducted in laboratory or scaled up for mass production. The as-synthesised graphene/ZnO nanocomposite was applied to modify electrodes to demonstrate its feasibility for biosensing applications.
EXPERIMENTAL DETAILS

Materials
Raw highly oriented pyrolytic graphite (HOPG) flakes (99% carbon purity) were purchased from Bay Carbon (Michigan, USA). Zinc oxide nanoparticle powder (<100 nm, 99% purity), phosphate buffer saline (PBS) pellet and reagent grade ethanol were purchased from Sigma Aldrich (ST. Louis, USA). Hydrogen peroxide (30%) was purchased from R&M Chemical. All the chemicals and reagent were used as received without any further purification. The deionised (DI) water (R ≥ 18 2 M cm) used in all experiments was produced by the Millipore system.
Preparation of Graphene
Graphene flakes were prepared from graphite via a facile green method. 18 50 mg of natural graphite was measured and put into a 250 ml beaker. 100 ml of ethanol and deionised water (in the ratio of 2 to 3) were added into the beaker containing graphite and mixed well. The mixture was subjected to sonication using Elmasonic E30H (Germany) with a working frequency of 50/60 Hz for 3 hours for the exfoliation of graphite into graphene. The sonicated mixture was centrifuged at 2500 rpm for 30 minutes and washed with ethanol and DI water. The sediment was dried at 80 C overnight to collect the graphene.
Preparation of the Graphene/ZnO Nanocomposite
Overall, the procedures to synthesise graphene/ZnO nanocomposite are illustrated in Figure 1 . Hybridisation of graphene and ZnO was prepared as follows: appropriate amount of the as-synthesised graphene and ZnO powders were dispersed in ethanol separately via sonication. The graphene and ZnO dispersions were mixed together and ultrasonicated for 15 minutes to achieve even mixing. The mixture was then stirred for 4 hours using mechanical mixing with the aid of magnetic stirrer. Next, the mixture was transferred for centrifugation at 2000 rpm for 30 minutes to remove any unbound particle and washed with ethanol and DI water. Lastly, the sediment was dried at 80 C overnight to collect the graphene/ZnO nanocomposite.
Materials Characterization
The morphology of the sample was observed through scanning electron microscope (SEM) (FEI Quanta-400 FESEM, 20 kV) and transmission electron microscope (TEM) (JEOL JEM-2100 F). Energy dispersive X-ray spectroscopy (EDAX) (Oxford Instruments X-Max, 20 mm 2 detector) was performed in conjunction with SEM to identify the elements present in the samples. The samples were deposited from ethanol dispersion onto silicon wafers (1 cm×1 cm) and allowed to dry at ambient condition before subjecting to SEM and EDAX analyses. Tapping mode Atomic Force Microscopy (AFM) (NTEGRA Spectra NT-MDT) was performed on samples drop casted onto silicon wafers using NT-MDT NSG01 tapping mode probe with a typical curvature radius of 6 nm, cantilever length of 125 m and cantilever width of 30 m. X-ray diffraction (XRD) was used to characterise the crystallographic structures of the as-synthesise graphene, zinc oxide and nanocomposite. The XRD analysis was performed on a diffractometer (X'pert Pro Powder, PANalytical) using a scanning rate of 0.02 s −1 in a 2 range of 10-80 with Cu K radiation at = 1 5406 Å.
Preparation of the Modified Electrode
The as-prepared graphene/ZnO nanocomposite was dispersed into 10 ml of ethanol to form a homogenous dispersion via ultrasonication for about 30 minutes. The resulting graphene/ZnO nanocomposite dispersion was dropped onto the surface of the SPCE and air-dried at ambient condition.
Electrochemical Measurements
The electrochemical performances of the samples in connection with cyclic voltammetry (CV) were analysed using AUTOLAB PGSTAT302N at room temperature. The planar screen printed carbon electrode (SPCE) is fabricated (ScrintTechnolgoy, Penang, Malaysia) based on the design described by Chan et al. (2008) . The disposable miniature SPCE consisted of a three-electrode configuration (19 mm × 40 mm), comprising of a round-ended carbon electrode (4 mm in diameter) serving as working electrode, carbon counter electrode and pseudo Ag/AgCl as the reference electrode, printed on a polycarbonate support. A ringshaped insulating layer around the round-ended working electrode (10 mm × 10 mm) with a capacity of 100 L was incorporated onto the SPCE as an electrochemical cell (reservoir). The schematic diagram of the electrochemical biosensor apparatus and the surface of working electrode were shown in The screen printed carbon electrode was connected to the autolab PGSTAT302N using the CAC cable and the readings were recorded using the NOVA 1.8 software.
RESULTS AND DISCUSSION
Characterization of the Synthesized
Graphene/ZnO Nanocomposite In order to characterise and investigate the quality and exfoliation behaviour of graphite obtained in ethanol, the sonicated product was deposited onto silicon substrate which was then mounted onto carbon double sided tape for SEM and TEM analyses. Graphene was successfully exfoliated from graphite under sonication in proper water-ethanol ratio, leading to the formation of few layer graphene sheets, as clearly depicted in Figures 3(A) and (B). These images displayed that the as-exfoliated few layered graphene sheets are few micrometers in lateral size and the high transparency of the images attest to the small thickness of the samples. In some cases, dark lines are observed which represent the folding or scrolling of the sheet edges, providing clear signature for the number of graphene layers. 19 Yi and colleagues 20 are the first to propose the idea of combining two mediocre solvents into a good solvent for exfoliating graphite by applying the principle of "like dissolves like" derived from the concept of Hansen solubility parameters (HSP). 21 According to the dispersive, polar and hydrogen bonding parameters in the HSP theory, the HSP distance plays an important role in determining the efficiency of the exfoliation of inorganic graphene analogues. Hansen 21 stated that the lower the HSP distance, the higher the compatibility of the solvent system to bulk graphite. In our work, we adopted the solvent mixture that had been previously optimised by Chia et al., 18 which is a 40% ethanol/water ratio. Notably, this mixture used for the exfoliation of graphite is superior in terms of environmental friendliness and yield as compared with exfoliation using other chemicals. The utilisation of the optimum ratio mixture together with the shear waves generated by the collapse of the cavitation bubbles induced by sonication shorten the synthesis duration and produce yield as high as 1 mg/ml. The detailed morphology of the graphene/ZnO nanocomposite structure was also studied through SEM and TEM and the micrographs are shown in Figures 3(C) and (D). Both SEM and TEM images clearly indicate that the nanocomposite composed of well spread two dimensional graphene sheets decorated with ZnO nanoparticles. The transparent nature of the graphene implies that it is fully exfoliated into single or few layer sheets, with ZnO nanoparticles observed to be confined in the graphene sheet. It should be stressed that no ZnO nanoparticles are observed outside of the graphene sheets, suggesting the successful hybridisation of graphene/ZnO nanocomposite.
To further confirm the chemical composition of the assynthesized product, the compound was investigated by energy dispersive X-ray spectrometry (EDAX) along with the SEM. Figure 3(E) showed that the product composed of carbon, zinc and oxygen, revealing the presence of zinc and oxygen component on the graphene sheet. In addition, the EDAX spectrum showed no other elements besides the peak corresponding to silicon (Si) arises from the SEM specimen being drop casted onto silicon wafers, thereby confirming the chemical purity of the nanocomposite.
The crystalline structure of the as-synthesized graphene/ZnO nanocomposite was corroborated by XRD measurement. The XRD pattern shown in Figure 4 (941) respectively, indicating the typical wurtzite hexagonal structure of ZnO (ICSD no. 98-006-5172). The additional peak at 2 = 26 63 and 54.71 accounts for the graphitic reflection of (002) plane, which corresponds to a d-spacing of 3.34 Å. In addition, the XRD pattern of graphene is similar to that of graphite, indicating that the lattice structure of the as-synthesised graphene is intact, showing that the liquid phase exfoliation method did not disrupt the pristine crystalline structure. The XRD pattern also affirms that the as-produced graphene/ZnO nanocomposite retained the graphitic crystallography of bulk graphite and wurtzite hexagonal structure of ZnO. This differs from the product generated from the chemical routes in which the usage of harsh acid mixture culminates in the structural defects. It is an important aspect as lattice disruptions and crystalline structure deformations could introduce defects that adversely affect the electrical conductivity properties of the materials. No other diffraction peaks related to any impurity is detected in the XRD pattern which confirms well-crystalline and the purity of the as-synthesised graphene/ZnO nanocomposite.
Electrochemical Measurements of the
As-Synthesised Graphene/ZnO Nanocomposite To discern the role of individual components and possible synergy between them, the current-potential curve response of the sensor modified with graphene, ZnO and graphene/ZnO nanocomposite were studied. Cyclic voltammograms (CVs) were recorded at room temperature for graphene-, ZnO-and graphene/ZnO nanocompositemodified screen printed carbon electrodes (SPCEs), at a scan rate of 50 mV/s in the potential range of −0.4 to 0.4 V. Figure 5 shows a significant increase in peak current of almost 3.5 times in the CV response of the graphene/ZnO nanocomposite-modified SPCE (curve d) as compared to CV response of bare SPCE (curve a). In addition, Figure 5 also affirm that the hybridization of graphene and ZnO nanoparticles display enhanced properties as the graphene/ZnO nanocomposite-modified SPCE (curve d) showed greater increment in terms electrochemical performance than their individual counterparts (curve b and c).
Hydrogen peroxide (H 2 O 2 ) was generally employed as model reaction for experiments as it is the byproduct of most enzymatic processes and thus, assessing the sensitivity of biosensor towards the detection of H 2 O 2 would be of notable value. The CV response of graphene/ZnO nanocomposite-modified SPCE in different concentrations of H 2 O 2 was investigated. As shown in Figure 6 , the cathodic peak current (I pc ) increased gradually upon increasing the concentration of H 2 O 2 from blank, 1 M, 3 M, 5 M to 7 M (curves a-e). This result confirms that the graphene/ZnO nanocomposite enhanced the electrocatalytic activity towards H 2 O 2 and reduced the over potential for H 2 O 2 oxidation. 22 The linear regression equation is I ( A) = 0.0295C ( M) + 0.1388, R 2 = 0 9896. Overall, the enhanced sensing performance of graphene/ZnO nanocomposite can be plausibly attributed to the synergistic influence between graphene sheets and ZnO nanoparticles. The high electrocatalytic activity can also be ascribed to the large surface area-tovolume ratio of the graphene and also the porous nature together with the typical flower-like microstructure of the ZnO nanoparticles, providing more catalytic sites for efficient diffusion of analyte. 14 Figure 7 shows the CVs obtained with graphene/ZnO nanocomposite-modified SPCE in pH 7.4 PBS buffer by varying the scan rates from 10 mV/s to 100 mV/s. In general, both I pa and I pc increased gradually when faster scan rates are used. The plots for anodic (I pa ) and cathodic (I pa ) peak currents against scan rates are shown in Figure 7 inset, exhibiting linear relationship with R 2 = 0 9793 and 0.9916 respectively, demonstrating that the redox reaction occurring is a surface-confined and controlled diffusion process. 23 Besides, the linear relationships between the peaks currents and scan rate also showed the characteristics of thin layer electrochemical behaviour. Notably, the maximum peak currents always occur at the same voltage regardless of the scan rate applied, indicating reversible electron transfer kinetics of the electrode.
Effect of Scan Rate
Amperometric Determination of H 2 O 2 on
Graphene/ZnO Nanocomposite-Modified SPCE Amperometric current-time (i-t) curve is the most often used method to evaluate the electrocatalytic activity of electrochemical sensors. In the present study, amperometric technique was employed to evaluate the performance of the developed graphene/ZnO nanocomposite. During the amperometric i-t measurements, the operating potential was hold at 0.4 V and the PBS buffer was constantly stirred at 900 rpm. For every 50 s, aliquots of H 2 O 2 were successively injected into the supporting electrolyte solution. Current, I (µA) Figure 9 . Amperometric i-t response of graphene/ZnO nanocompositemodified SPCE for the successive addition of 1 M H 2 O 2 , 1 mM uric acid, 1 mM fructose and 1 mM L-cysteine solutions into continuously stirred PBS buffer.
3.5. Stability and Selectivity of Graphene/ZnO Nanocomposite-Modified SPCE The stability of graphene/ZnO nanocomposite-modified SPCE was also examined during storage in a dry state at ambient temperature. It was found that the current response remained nearly 93% of its initial value over 4 weeks, validating the good stability of the nanocomposite. The long-term stability can be plausibly attributed to the well anchored ZnO nanoparticles onto the exfoliated graphene sheets and the strong synergistic effect between graphene and zinc oxide. The background current retains 95% stability even after 200 consecutive cycles, authenticating the excellent stability of the graphene/ZnO nanocomposite.
The co-existing electroactive species in nature will affect the sensor response. Therefore, the response of the graphene/ZnO nanocomposite-modified sensor towards each 1 mM of uric acid, fructose and L-cysteine additions into the PBS buffer was evaluated. The working potential was hold at 0.4 V. As shown in Figure 9 , for each addition of 1 M H 2 O 2 , the biosensor showed quick response. On the other hand, no noteworthy response was observed for the addition of 1 mM uric acid, fructose and L-cysteine. Each addition of the electroactive interfering species brought out hardly discernible current response, these results suggest that the interfering effect caused by these electroactive species is quite negligible, validating the highly selective detection of H 2 O 2 at the graphene/ZnO nanocomposite.
CONCLUSION
In summary, a facile, green approach for the synthesis of graphene and graphene/ZnO nanocomposite at room temperature has been reported. The TEM and SEM images clearly revealed that flower-like ZnO nanoparticles were homogenously distributed on the surface of graphene sheets whereas XRD results indicated that both graphene and ZnO retained their crystalline structures without any observable lattice disruption. The graphene/ZnO nanocomposite-modified SPCE displayed excellent electrocatalytic activity towards H 2 O 2 as a result of synergistic effect between graphene and ZnO. This study clearly shows that the nanocomposite electrode exhibits some remarkable advantages, including the merits of disposable design, cost effective, renewable and long stability, if compared to other H 2 O 2 biosensor. It is believed that the graphene/ZnO nanocomposite could serve as a promising platform for the fabrication of biosensor.
